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Significant anti-tumor responses have been reported in a small subset
of cancer patients treated with the immunotherapeutic agent anti-
CTLA-4 antibody. All clinical trials to date, comprising over 3,000
patients, have been conducted in the metastatic disease setting,
which allows for correlation of drug administration with clinical
outcome but has limited analyses of intermediate biomarkers to
indicate whether the drug has impacted human immune responses
within the tumor microenvironment. We conducted a pre-surgical
clinical trial in six patients with localized bladder cancer, which
allowed for correlation of drug administration with biomarkers in
both blood and tumor tissues but did not permit correlation with
clinical outcome. We found that CD4 T cells from peripheral blood and
tumor tissues of all treated patients had markedly increased expres-
sion of inducible costimulator (ICOS). These CD4+ICOSM T cells pro-
duced IFN-gamma (IFNvy) and could recognize the tumor antigen
NY-ESO-1. Increase in CD4*ICOSM cells led to an increase in the ratio
of effector to regulatory T cells. To our knowledge, these are the first
immunologic changes reported in both tumor tissues and peripheral
blood as a result of treatment with anti-CTLA-4 antibody, and they
may be used to guide dosing and scheduling of this agent to improve
clinical responses.

ptimal T cell activation requires contemporaneous signals

through the T cell receptor and costimulatory molecules (1).
CD28, the prototypical costimulatory molecule, upon interaction
with its ligands B7-1 and B7-2, plays a crucial role in initial T cell
priming (2, 3). CD28-mediated T cell expansion is opposed by
another B7-1,2 counter receptor, cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4), which attenuates the proliferation
of recently activated T cells (4, 5). Blockade of the inhibitory signals
mediated by CTLA-4 has been shown to enhance T cell responses
and induce tumor rejection in a number of animal models (6, 7).
Mouse studies have demonstrated that an increased ratio of effector
to regulatory T cells (Teff/Treg) correlates with anti-tumor re-
sponses (8). A monoclonal antibody to human CTLA-4 has been
found to elicit objective responses in clinical trials (9-11), including
durable complete responses in a small subset of patients with
metastatic disease.

The phenotypic and functional impact of anti-CTLA-4 therapy
on human immune responses has not been established. Identifica-
tion of biomarkers, such as changes in the Teff/Treg ratio identified
in mouse studies, have been lacking for primarily two reasons: (7)
There has not been a marker that clearly identifies effector T cells
in patients treated with anti-CTLA-4 therapy, and (if) access to
tumor tissues has been limited in the metastatic disease setting, thus
preventing identification of relevant biomarkers within the tumor
microenvironment that can be correlated with biomarkers in pe-
ripheral blood. A few studies using only peripheral blood samples
from patients have shown that treatment with anti-CTLA-4 anti-
body resulted in increased expression of markers associated with T
cell activation such as HLA-DR or CD45RO, but these changes
were not consistent in all treated patients, were not shown to have
functional significance, nor did they correlate with clinical outcome
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(11-13). Knowledge of biomarkers that indicate biological changes
accompanying drug administration or clinical outcome is necessary
to understand the cellular and molecular mechanisms responsible
for the effects induced by this agent to optimize its therapeutic
benefits and minimize immune-related adverse events.

Inducible costimulator (ICOS) is a T-cell-specific surface mole-
cule that is structurally related to CD28 and CTLA-4 (14, 15). The
role of ICOS in immune responses has been strongly linked to
production of Th2 cytokines. ICOS-deficient mice demonstrated
decreased production of the Th2 cytokine interleukin 10 (IL-10)
(16). IL-10 production by regulatory T cells has been associated
with the suppression of effector T cell responses in a cell-extrinsic
manner (17, 18), and it was reported that plasmacytoid dendritic
cells with high expression of ICOS-ligand allowed for the differ-
entiation of naive CD4 T cells into IL-10-producing regulatory T
cells as a result of ICOS/ICOS-ligand interactions (19). Based on
these and other reports of IL-10 production by ICOS-expressing
CDA4 T cells (20), it has been thought that ICOS-expressing T cells
might play a role in suppression of immune responses. However,
very recent data suggested that ICOS-expressing T cells might also
be involved in autoimmune responses. The sanroque mice, which
have a defect that results in augmented stability of ICOS mRNA
and thus have increased ICOS expression on CD4 T cells, exhibited
an abnormally high accumulation of T lymphocytes and a lupus-like
autoimmune syndrome (21). This finding suggests that increased
ICOS expression may also play a role in enhancing immune
responses. ICOS has also been shown to be associated with in-
creased survival of both effector memory and regulatory T cells,
demonstrating that its functional relevance is not restricted to
regulatory T cells (22).

The role of ICOS-expressing T cells in cancer patients is currently
unknown. In the course of examining the phenotypic and functional
impact of anti-CLTA-4 treatment in patients with localized bladder
cancer, we found that CTLA-4 blockade resulted in an increase in
the number of CD4 T cells that express high levels of ICOS. This
increase was detectable in both the peripheral blood and, even more
strikingly, in the tumor tissues of treated patients. Total CD4 T cells
as well as the CD4ICOSM T cell population from treated patients
had increased production of the Thl cytokine IFN-gamma (IFNvy)
after in vitro stimulation with anti-CD3 antibody. CD4*ICOS" T
cells from three patients whose tumors expressed the cancer-testis
tumor antigen NY-ESO-1 produced IFNv in response to a set of
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Fig. 1. 1COS expression by CD4 T cells in the blood of bladder cancer patients
was increased after treatment with anti-CTLA-4. (A) ICOS expression on pe-
ripheral blood CD4 T cells was increased after anti-CTLA-4 treatment (patient
1). (B) Summary of the effect of anti-CTLA-4 therapy on CD4*ICOS" T cells in
the blood of all six treated patients (with the exception of the week 7 sample
for patient 2, who did not have blood drawn at week 7) as compared with the
average frequency of CD4*ICOSM T cells in 10 healthy donors (HD).

overlapping NY-ESO-1 peptides. The ratio of effector
(CD4+ICOSM) to regulatory (CD4"FOXP3™) T cells was in-
creased in both the peripheral blood and tumors of anti-CTLA-4-
treated patients. These data indicate that a major impact of CTLA-4
blockade in cancer patients was the expansion, both within the
blood and the tumor itself, of a subpopulation of CD4 T cells that
expressed high levels of ICOS and secreted IFN, a cytokine which
that is known to play a role in antitumor responses (23, 24). Taken
together, these data suggest that the ICOSM IFNy-producing
population includes tumor-reactive cells and may be involved in the
clinical activity of anti-CTLA-4 antibody.

Results

Immunologic Consequences of CTLA-4 Blockade in Peripheral Blood:
1COS Expression by Peripheral Blood CD4 T Cells Is Increased by CTLA-4
Blockade. The schema for the neoadjuvant (pre-surgical) bladder
cancer trial is shown in supporting information (SI) Fig. S1. We
examined peripheral blood T cells from pre- and post-therapy
samples for a number of potential markers of changes that might
be associated with CTLA-4 blockade, including CD4, CDS,
HLA-DR, CD69, CD45R0O, and CD45RA. None of these
showed consistent, significant changes after anti-CTLA-4 treat-
ment in our group of patients with localized bladder cancer (data
not shown). However, ICOS expression was considerably ele-
vated, both in intensity and frequency, on CD4 T cells in the
blood of all six patients after anti-CTLA-4 treatment. ICOS
expression was also increased on CD8 T cells after anti-CTLA-4
treatment, but the magnitude of ICOS expression was much less
on CD8 cells compared with CD4 T cells (data not shown). As
shown in Fig. 14, high levels of ICOS expression on CD4 T cells
(CD471COS") from patient 1 increased from 3% pre-therapy to
14% at week 3 post-therapy and remained elevated at week 7.
The presence of localized tumor by itself does not alter the
frequency of CD4*ICOSM T cells in the systemic circulation,
because their frequency (4 = 3%, n = 10) in the peripheral blood
of untreated bladder cancer patients was not significantly dif-
ferent from that of healthy donors (2 = 1%, n = 10) (Figs. 1B
and 24). Increases of two- to sevenfold in ICOS expression were
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observed in all six bladder cancer patients after treatment with
anti-CTLA-4 (Fig. 1B) (P < 0.05). Thus, an increase in the
frequency of CD47ICOSM T cells is a consistent and readily
identifiable consequence of the administration of anti-CTLA-4
antibody to cancer patients.

FOXP3 Expression by Peripheral Blood CD4 T Cells Is Not Consistently
Affected by CTLA-4 Blockade. Because ICOS has been shown to be
expressed by regulatory T cells as well as activated CD4 effector
cells, we examined ICOSM cells for expression of the transcription
factor FOXP3, which is strongly associated with regulatory T cell
function (25). As shown in Fig. 24, FOXP3" cells comprised ~5%
of total measured CD4 T cells in normal healthy donors (Fig. 24).
Approximately 2% of CD4 T cells from the blood of normal healthy
donors expressed high levels of ICOS, and of these, ~23% ex-
pressed FOXP3 (Fig. 24). Only ~4% of CD4*ICOS"¥ T cells of
normal healthy donors expressed FOXP3. In the blood of untreated
cancer patients, the overall frequency of FOXP3™ cells among total
CD4 T cells was variable but tended to be higher (21 = 17%,n =
10) and was distributed between both the ICOS" and the ICOS!%
compartments (Fig. 24).

Similarly, CD4*ICOSM T cells from patients treated with anti-
CTLA-4 antibody contained both FOXP3* and FOXP3~ subpopu-
lations. Data for patient 1 are shown in Fig. 2B. FOXP3 expression
in CD4*ICOSM T cells from patient 1 increased from 20% pre-
therapy to 33% at week 3 post-therapy but then decreased to 12%
at week 7. Thus, the blood of normal healthy donors, untreated
bladder cancer patients, and anti-CTLA-4-treated patients con-
tained substantial populations of CD4 T cells that express high
levels of ICOS but not FOXP3 and are therefore unlikely to be
regulatory T cells.

Changes in the frequency of FOXP3™" cells among total CD4 T
cells reflected changes in FOXP3 expression that occurred in the
ICOS" and ICOS'"¥ cells after treatment with anti-CTLA-4 ther-
apy. For patient 1, FOXP3 expression as a fraction of total CD4 T
cells (CD4*FOXP3") increased from 4% pre-therapy to 9% at
week 3 post-therapy but then decreased to 6% at week 7 (Fig. 2C).
As shown in Fig. 2D, which shows the results from all six treated
patients, anti-CTLA-4 therapy had inconsistent effects on FOXP3
expression. Patients 1, 3, and 5 had increased frequency of FOXP3
expression after the first dose of antibody, followed by decreases
after the second dose. Patients 2 and 4 had decreases in FOXP3
expression after the first dose of antibody, and this remained low
after the second dose of antibody, at least for patient 4 (patient 2
did not have blood drawn at week 7). Therefore, FOXP3 expression
by CD4 T cells from peripheral blood of treated patients was not
consistently altered by CTLA-4 blockade at doses of 3 mg/kg per
dose of antibody.

CD4+1COSh T Cells in the Peripheral Blood of Anti-CTLA-4 Treated
Patients Contain IFNy-Producing Effector Cells That Recognize the
Tumor Antigen NY-ESO-1. Because our data revealed that a substan-
tial fraction of CD4"ICOSM T cells lacked FOXP3 expression and
were therefore unlikely to be regulatory T cells, we examined the
effect of CTLA-4 blockade on the function of circulating CD4 and
CD4*+ICOSM T cells. CD4 T cells from peripheral blood of healthy
donors, patients with untreated bladder cancer (including pre-
therapy samples from patients), and patients who received treat-
ment with anti-CTLA-4 antibody (post-therapy samples from
weeks 3 and 7) were cultured in vitro for 3 days with anti-CD3 plus
IL-2. All CD4 T cells proliferated equally well (Fig. S2). However,
as shown in Fig. 34, CD4 T cells from anti-CTLA-4-treated
(post-therapy) patients produced approximately fivefold more
IFN7y than T cells from untreated patients or healthy donors (P <
0.05). IL-10 production by CD4 T cells was not significantly changed
after anti-CTLA-4 treatment (Fig. 34), nor was IL-4 production
noted to change (data not shown).

As shown in Fig. 3B, uncultured CD4 T cells analyzed ex vivo
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Coexpression of ICOS and FOXP3 by CD4 T cells from peripheral blood. (A) The populations of CD4*1COSh and CD4*1COS'*" T cells had subsets of both FOXP3*

and FOXP3~ cells in healthy donors and untreated bladder cancer patients. Data shown are from one representative sample; numbers shown are mean percentages =
standard deviations calculated from samples from 10 healthy donors and 10 patients with untreated bladder cancer. (B) CD4+1COS" and CD4*1COS'*¥ cells in pre- and
post-therapy (weeks 3 and 7) samples from one patient (patient 1) treated with anti-CTLA-4 antibody also had subsets of both FOXP3* and FOXP3~ cells. (C) FOXP3
expression in total measured CD4 T cells (CD4*FOXP3* cells) in pre- and post-therapy samples from one patient (patient 1) treated with anti-CTLA-4 therapy. (D) Variable

effects of anti-CTLA-4 therapy on CD4"FOXP3* T cells in the blood of all six treated patients (patient 2 did not have blood drawn at week 7).

from post-therapy week 7 blood samples of anti-CTLA-4-treated
patients had higher levels of mRNA for IFNy (P < 0.05) and
lower levels of FOXP3 mRNA (P < 0.05) than did CD4 T cells
from untreated patients. There was no significant change in the
levels of IL-4, (data not shown), IL-10, or IL-2 mRNA (Fig. 3B).
The average Th1/Th2 cytokine ratio inferred from comparison
of IFNvy and IL-10 mRNA levels increased from ~1:1 in CD4 T
cells from the blood of untreated (pre-therapy) bladder cancer
patients to ~3:1 in CD4 T cells from peripheral blood of patients
treated with anti-CTLA-4 antibody (post-therapy), suggesting
that anti-CTLA-4 therapy skewed CD4 effector cells toward a
more Thl-like profile. These changes in the cytokine profiles
were consistent with changes in levels of transcription factors
related to functional differentiation of CD4 T cells. Levels of
T-bet, a transcription factor responsible for regulation of IFNvy
production and commitment to the Thl lineage (26) was mark-
edly increased (P < 0.05) after anti-CTLA-4 treatment, whereas
GATA-3, a transcription factor associated with the production of
IL-10 and other Th2 cytokines (27), was unaffected (Fig. S3).
CD4*ICOSM and CD4*ICOS!*¥ T cells, sorted from uncultured
CD4 T cells from the peripheral blood of healthy donors, patients
with untreated bladder cancer (including pre-therapy samples from
patients), and patients who received treatment with anti-CTLA-4
antibody (post-therapy samples from weeks 3 and 7) were assayed
for cytokine production after stimulation with anti-CD3 plus IL-2

Liakou et al.

invitro. CD4TICOS"¥ T cells from treated patients did not produce
significantly more IFNy than CD4+*ICOS™ cells from untreated
patients or healthy donors. However, CD4TICOSM T cells of all
treated patients produced more IFNy than CD4+*ICOSM T cells
from untreated patients or healthy donors (Fig. 3C) (P < 0.05),
whereas IL-4 (data not shown) and IL-10 production consistently
remained low. These data suggest that a major effect of CTLA-4
blockade is the induction of CD4*ICOSM effector T cells that
produce IFNy.

We next sought to determine whether the CD4+ICOSM T cells
contained a population of cells capable of recognizing tumor
antigens. We used RT-PCR to type the patients’ tumors for
expression of NY-ESO-1, a highly immunogenic cancer-testis tu-
mor antigen known to be expressed by many bladder carcinomas
(28). Patients whose tumors did not express the NY-ESO-1 antigen
were not found to have NY-ESO-1-reactive T cells within periph-
eral blood samples (data not shown). However, three patients
(patients 2, 4, and 6) were found to express NY-ESO-1 (Fig. 3D).
CD4*ICOSM T cells from all three of these patients’ post-therapy
blood samples produced IFNvy in response to antigen-presenting
cells (APCs) pulsed with NY-ESO-1 peptide antigens in a pool of
overlapping peptides representing the entire sequence of NY-
ESO-1, but not unpulsed APCs. CD4+*ICOS" T cells obtained from
the blood of two patients (patients 2 and 4) produced IFNy in
response to NY-ESO-1 only after treatment with anti-CTLA-4,
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whereas the third, patient 6, had NY-ESO-1 reactive CD4TICOSM
T cells even before therapy (Fig. 3E). Thus, in some patients,
CD4+ICOSM effector T cells that recognize tumor antigens may
exist before therapy, whereas in others CTLA-4 blockade allows for
the expansion of these cells.

Immunologic Consequences of CTLA-4 Blockade in Tumor Tissues: ICOS
Expression Is Higher on CD4 T Cells in Tumor Tissues After CTLA-4
Blockade. We next sought to determine the effects of anti-CTLA-4
therapy on T cells in tumor tissues. As shown in Fig. 44 Left and
Center for representative patients, the frequency of CD4"1COSM T
cells was higher in both nonmalignant urothelial (13%) and un-
treated cancer tissues (16%) than in the peripheral blood (compare
Fig. 44 and Fig. 1 4 and B). This difference may reflect activation
of infiltrating effector or regulatory CD4 T cells by tissue- or
tumor-specific antigens. More importantly, the frequency of
CD4"ICOSM T cells was much higher in bladder tissues of all six
anti-CTLA-4-treated patients as compared with tumor tissues from
untreated patients (mean 45 = 12% vs. 15 * 8%) (Fig. 4 A Right
and B) (n = 6, P < 0.05). Thus, CTLA-4 blockade resulted in a
systemic increase in CD4*ICOS™ T cells in both the tissues and the
peripheral blood of treated patients.

FOXP3 Expression Is Lower in CD4 T Cells in Tumor Tissues After CTLA-4
Blockade. Next we examined the effects of CTLA-4 blockade on
FOXP3 expression by CD4 T cells from tumor tissues. Within
urothelial carcinoma tissues from bladder cancer patients, the
frequency of CD4"FOXP3™" T cells was variable but was markedly
higher (mean 67 *+ 25%, n = 10) than in nonmalignant urothelial
tissues (mean 8 = 5%, n = 4) (Fig. 4C and Fig. S4). However, in
all cases there was a lower frequency of CD4*FOXP3" T cells in
bladder-cancer tissues in anti-CTLA-4-treated tissues (mean 7 *+
4%, n = 6, P < 0.05) compared with untreated tumor tissues (Fig.

14990 | www.pnas.org/cgi/doi/10.1073/pnas.0806075105

CD4*ICOSM T cells

present in all samples. (E) CD4*ICOSM T cells
from the pre-therapy blood sample of pa-
tient 6 and the post-therapy blood samples
of patients 2, 4, and 6 produced IFNy on
recognition of APCs pulsed with overlap-
ping NY-ESO-1 tumor antigen peptides en-
compassing the entire protein (all peptides)
but did not respond to APCs without pep-
tide (no peptide).

4C). Thus, although the effect of anti-CTLA-4 on FOXP3 expres-
sion in CD4 T cells from peripheral blood was variable, in tumor
tissues their frequency was consistently decreased after anti-
CTLA-4 therapy.

IFNy Expression Is Increased in Tumor Tissues After CTLA-4 Blockade.
We analyzed mRNA from tissues for expression of relevant cyto-
kines and transcription factors to assess the functional impact of
anti-CTLA-4 antibody on tumor tissue. As shown in Fig. 4D, tumor
tissue from anti-CTLA-4-treated patients consistently had higher
levels of IFNvy, IL-2, and T-bet and lower levels of FOXP3 mRNA
than tumor tissues from untreated patients (P < 0.05). IL-4, IL-10,
and GATA-3 mRNA levels were not statistically significantly
altered in tumor tissues from treated or untreated patients. The
average ratio of Thl to Th2 cytokines within the tumor increased
from 0.1 in untreated samples to 1.0 in samples from anti-CTLA-
4-treated patients. The magnitude of the rise in the ratio of Thl to
Th2 cytokines was much greater within the tumor than in circu-
lating peripheral blood CD4 T cells. These data supported the
notion that anti-CTLA-4 therapy leads to an increase in Thl
effector cells in both the systemic circulation and the tumor, with
the effects more marked within the tumor, as would be expected for
the major site of immunologic engagement during tumor rejection.

The Ratio of CD4+1COS" Effector to CD4+FOXP3+ Regulatory T Cells
Is Increased After Blockade of CTLA-4. CD4*FOXP3* Function as regu-
latory T cells after treatment with anti-CTLA-4 antibody. As shown in
Table 1, anti-CTLA-4 treatment resulted in an increase in the
number of CD4"ICOS" T cells in all patients. As we have shown,
the pool of CD4TICOSM T cells, which is comprised of both
FOXP3* and FOXP3~ cells, contains effector T cells that produce
IFNv, as opposed to IL-10, that increased after anti-CTLA-4
therapy. CD4*FOXP3* T cells are thought to be predominantly

Liakou et al.
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regulatory T cells, but inference of function from expression data
alone is confounded by the fact that transient expression of FOXP3
can occur on activation of human CD4 T cells without conferring
regulatory T cell function (29, 30). We therefore sought to deter-
mine whether the CD4*FOXP3" T cells of anti-CTLA-4-treated
patients retained regulatory function. CD4"FOXP3* T cells have
high expression of CD25 (16) that allows for the isolation of these
cells by cytometric flow sorting. We obtained a population of
CD4*CD25" T cells from normal donors and pre- and post-therapy
patients’ blood samples that typically contained >90% FOXP3*
cells (Fig. S54). CD4*CD25" cells from anti-CTLA-4-treated

Table 1. Ratio of effector CD4+ICOS" to regulatory CD4+FOXP3+
T cells in the peripheral blood of patients before and after
treatment with anti-CTLA-4 antibody

Ratio of
CD4+1COSh/
CcD4+ CD4+ICOSh CD4*FOXP3+ CD4+FOXP3+

Patient #1

Pre-therapy 210,413 6,312 8,417 0.8

Week 3 190,976 26,736 17,188 1.6

Week 7 191,467 24,891 11,488 2.2
Patient #2

Pre-therapy 139,483 558 43,324 0.0

Week 3 176,359 31,745 15,688 2.0
Patient #3

Pre-therapy 135,549 4,066 23,706 0.2

Week 3 130,560 19,584 53,112 0.4

Week 7 156,792 26,655 12,939 2.1
Patient #4

Pre-therapy 143,975 5,759 10,078 0.6

Week 3 134,259 10,741 4,028 2.7

Week 7 164,543 13,163 4,936 2.7
Patient #5

Pre-therapy 209,441 4,189 58,644 0.1

Week 3 272,621 54,524 119,953 0.5

Week 7 238,434 42,918 21,459 2.0
Patient #6

Pre-therapy 15,6381 1,564 12,511 0.1

Week 3 16,2389 9,743 11,367 0.9

Week 7 15,9411 14,347 6,376 23

Values are numbers of cells per million collected events by flow cytometry.
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patients inhibited the proliferation of CD4"CD25~ responder T
cells in standard coculture assays at a level similar to that of cells
from normal donors or pre-therapy patients (Fig. S5B). These
results are consistent with a previous report demonstrating main-
tenance of suppressive activity of regulatory T cells after CTLA-4
blockade (12).

CTLA-4 blockade shifts the balance of effector to requlatory T cells in
peripheral blood and tumor tissues. Our data show that changes in the
frequency of regulatory CD4*FOXP3* T cells in the systemic
circulation after anti-CTLA-4 therapy at 3 mg/kg per dose of
antibody do not provide a reliable marker of immunologic impact
(Fig. 2D and Table 1). Similarly, total CD4 T cell numbers were not
consistently altered and are not reliable indicators of anti-CTLA-4
treatment. However, anti-CTLA-4 treatment resulted in a consis-
tent increase in CD4TICOSM T cells above pre-therapy values,
which resulted in an increase in the ratio of CD4TICOSM to
CD4*FOXP3* T cells from pre-therapy values of 0-0.8:1 to
post-therapy values of ~2:1 in the peripheral blood of treated
patients (Table 1). This increase was even more striking in the
tumor tissues from treated vs. untreated patients, ranging from
approximately 15- to 30-fold (Table S1). Given our data that the
ICOSM population contains a significant population of IFNvy-
producing cells, this change in the ratio of CD4*ICOSM to
CD4*FOXP3* cells reflects a relative increase in Teff/Treg.

Discussion

We have found that a consistent, major effect of treatment of patients
with localized bladder cancer with anti-CTLA-4 antibody is an increase
in the frequency of effector CD4 T cells that express high levels of ICOS
and produce IFNvy. These ICOS-expressing CD4 T cells contain subsets
of both FOXP3* and FOXP3~ cells, which suggests that ICOS expres-
sion is not restricted to a particular T cell subset. Isolated CD4tICOSM
T cells from anti-CTLA-4-treated patients, as compared with cells from
healthy donors or untreated patients, have increased IFN+y production
and respond to the NY-ESO-1 tumor antigen. The increased produc-
tion of IFNy by CD4"ICOS" T cells from treated patients may be a
consequence of enhancement of CD28 costimulatory signals in the
absence of the inhibitory effects mediated by CTLA-4. Mechanistic
studies addressing this possibility and others will need to be investigated
in future experiments.

Our current study also shows that CTLA-4 blockade in bladder-
cancer patients resulted in an increase in the ratio of effector
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CD4*ICOS" to regulatory CD4"FOXP3™ T cells in both periph-
eral blood and tumor tissues. We should point out that our analyses
between tumor tissues from untreated patients and tumor tissues
from treated patients occurred in two different groups of patients,
thus introducing possible confounding factors in our data, but
because it is difficult to obtain sufficient fresh tumor tissues for flow
cytometric analyses from the same patient at both pre-therapy and
post-therapy timepoints, we relied on obtaining tissues at the time
of surgery from untreated patients for comparison to tissues from
treated patients, who had similar disease stage. Increased
CD4"ICOSM T cells and the Teff/Treg ratio observed in treated
tissues correlated with the increased values seen between pre-
therapy and post-therapy blood samples, which were matched
samples obtained from each individual patient. Thus, our results
from blood and tumor tissues consistently indicate an increase in
CD4FICOSM T cells and an increase in the Teff/Treg ratio after
anti-CTLA-4 therapy. Previous data from preclinical studies have
shown a correlation in the Teff/Treg ratio in tissues with successful
anti-tumor responses in mice treated with anti-CTLA-4 antibody
(8). Our data now establish immunologic markers within the human
immune system that define a Teff/Treg ratio that may have corre-
lation with clinical responses. It is interesting that all six patients
with localized bladder cancer in our study had increased
CD4"ICOS" T cells after treatment with the anti-CTLA-4 anti-
body; this may be a reflection of immunologic changes that occur
with drug administration and does not reflect immunologic changes
that will correlate with clinical benefit, or these changes may occur
in patients with localized disease but only in patients with metastatic
disease who will derive clinical benefit from treatment. It is also
possible that not just the change in the ratio of Teff/Treg itself, but
also the period for which this is sustained will be important in
clinical outcome. All of these ideas will have to be addressed in
future studies with anti-CTLA-4 therapy.

The immunologic markers identified in our small cohort will no
doubt be examined in future clinical trials, including studies on
patients with metastatic disease, patients who receive more than
two doses or higher doses of anti-CTLA-4 antibody, and patients
who receive other immune-modulating agents, to determine the
biologic and clinical relevance of CD4*ICOSM T cells in cancer
patients. In any event, the phenotypic and functional data presented
here provide insight into the possible mechanisms of action of the
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anti-CTLA-4 antibody and provide biological markers to guide the
development of this agent.

Materials and Methods

Patients. Bladder cancer patients with diagnoses of urothelial carcinoma who
were candidates for radical cystectomy were consented on an Institutional Re-
view Board (IRB)-approved clinical trial. The trial allowed six patients to receive
two doses of Ipilimumab anti-CTLA-4 antibody at 3 mg/kg before surgery, which
was performed four weeks after the last dose of antibody. Healthy donor blood
was obtained from volunteers (n = 10). Additional data regarding the clinical trial
and informaion regarding blood and tissue processing is provided in supporting
information (Sl).

Flow Cytometry and Cell Culture. Cells were stained and obtained according to
standard procedures as described in S/ Materials and Methods.

Real-Time PCR. Total RNA samples from tissues and CD4 T cells were isolated
and analyzed as described in the supporting information (SI).

RT-PCR Analyses for Detection of NY-ESO-1 mRNA. Reverse transcription was
performed by using 4 g of MRNA from tumor tissues, and PCR was carried out
by using 200 ng of cDNA with NY-ESO-1 gene-specific oligonucleotide primers
as previously described (28).

ELISPOT Assay to Detect T Cell Responses to NY-ESO-1 Tumor Antigen.
CD4*ICOSN T cells were sorted from uncultured CD4 T cells as described above.
ELISPOT assays were performed as previously described (30), with minor
modifications listed in S/ Text.

Statistical Analyses. Statistical analyses were conducted by comparing two
groups such that one group contained data from both pre-therapy and
untreated patients, whereas the second group contained data only from
post-therapy patients. The Wilcoxon rank-sum test was used to assess the
differences in continuous variables between the two groups and calculated P
values that were <0.05 were considered statistically significant.
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